Organic templates P-123 of mesoporous SBA-15 can be effectively removed in a few minutes (4 min) by using the dielectric-barrier discharge (DBD) plasma technique at ambient pressure and low gas temperature (around 130°C). The mesoporous SBA-15 was characterized by 29 Si solid sate NMR, TEM, XRD, TGA and N 2 adsorption/desorption isotherms. The as-made SBA-15 treated with DBD plasma exhibited a larger surface area of 790 m 2 ·g −1 with larger pores and microspore volume than samples prepared by using the conventional thermal calcination method (550°C and 5 h, 660 m 2 ·g −1 ). In addition to less shrinkage of the silica framework, the DBD-prepared SBA-15 showed significantly increased weight loss of 8.3% about 200°C as compared with that of conventional calcination (5.5%), which is attributed mainly to the dehydroxylation by condensation of silanol groups.
Introduction
Mesoporous silica materials have attracted widespread interest owing to its wide range of applications [1, 2] . SBA-15 is one of the most well-studied mesoporous silica materials due to its remarkable hydrothermal stability, tunable one-dimensional pore size and large surface area [3] . Extensive literature has been published for the application of SBA-15 in the fields of catalysis, separations, and optical materials [4] [5] [6] . In particular, SBA-15 functionalized via the incorporation of hetero-atoms or grafted with various organic moieties exhibiting highly promising performance in the fields of chemical sensors, drug delivery, and environmental pollution treatment [7] [8] [9] [10] . Thus, SBA-15, which exhibits a large surface area and pore volume as well as an abundance of silanol groups, is in great demand in view of those highly advanced applications. Whereas, SBA-15 is normally synthesized by adding organic templates to the starting gel, which are trapped within the channel systems and must be removed. The ideal method for the template removal has to meet the following four most important requirements: (1) no template residues, (2) shorter processing time, (3) no additional hazardous chemicals used, and (4) less negative influence on the framework and surface properties (specifically, avoiding shrinkage of the framework and maintaining higher surface area, larger pore volume and richer silanol groups). Calcination and extraction are the two most general methods used for the elimination of the template [3, 11] . Recently, various methods have been invented to eliminate the organic templates of the porous materials by using UV light, UV/ozone, UV/dilute H 2 O 2 , as well as using microwave irradiation or digestion [12] [13] [14] [15] [16] . However, all methods mentioned above cannot fulfil all requirements proposed above simultaneously. Hence, it is still highly demanded to develop alternative methods to meet the proposed requirements and have the potential to remove organic templates of SBA-15 on a large scale.
The dielectric barrier discharge (DBD) plasma technique is one of the cold plasma phenomena, which is characterized by low gas temperatures (as low as room temperature) and high electron temperatures (100 00-100 000 K) [17] . The plasma consists of a partially ionized gas containing active components, i.e. ions, electrons and reactive species that have the ability of performing reactions. This has led to a number of applications, such as industrial ozone generation, surface cleaning and modification, the removal of bacteria and organic contaminates in drinking water supplies [18, 19] . Furthermore, the DBD plasma technique has been explored to remove the organic templates from ZSM-5 and MCM-41 successfully. The experimental results demonstrated that the template removal using DBD preserved the crystal structure of ZSM-5 well [20] and significantly increased the silanol density of MCM-41 [21] . Recently, glow discharge plasma (GDP) was even applied for the elimination of the organic template from SBA-15 in an effective way, and the plasmaprepared SBA-15 showed a significantly increased silanol density [22] . As is known, more silanol groups can lead directly to a higher amine loading, which have enhanced performance for CO 2 adsorption, catalytic conversion, separations and so on. In this study, we proved that the DBD plasma technique could be employed as a facile method to remove the organic template of SBA-15 efficiently at low temperature for the first time and more silanol groups can be preserved.
Experimental
SBA-15 was synthesized with P123 (EO20-PO70-EO20, Aldrich) as the organic template and tetraethylorthosilicate (TEOS, Aldrich) as the silica source following the procedure reported by Zhao et al [11] . In a typical synthesis process, Pluronic P123 (4.0 g) was added and dissolved in the mixture of water (30 ml) and HCl (120 ml, 2 mol·l
) with strong stirring at room temperature, and then TEOS (8.5 g) was added. The synthesis was carried out for 20 h at 35°C followed by 24 h of hydrothermal treatment at 80°C. After filtration and scrubbing with distilled water, the solid product was followed by vacuum drying at 80°C for overnight. For comparison, the organic templates from the as-synthesized SBA-15 samples were removed by means of two different methods: (1) High temperature calcination: the fresh SBA-15 sample was heated from the room temperature 350°C (2°C·min −1 ) under air (120 ml·min −1 ) and held for 3 h. Then the sample was heated to 550°C and held for 5 h. Subsequently, the sample was obtained when its temperature drops to the environment and denoted as C-SBA-15 in this paper. (2) DBD plasma treatment: 0.5 g of the fresh SBA-15 was dispersed in the DBD quartz reactor. As illustrated in figure 1, DBD plasma was generated by a high voltage generator (CTP-2000 K; Corona Laboratory, Nanjing, China), which can supply a voltage from 0 to 30 kV with a sinusoidal wave form at a frequency of about 22 kHz. O 2 was directly used as the plasma forming gas (60 ml·min −1 ). The bulk temperature was measured using thermocouples directly. In order to limit the bulk temperature below 130°C, the average power of DBD plasma was set at 275 W constantly and likely to last for 1 min in each time. The total time for the complete removal organic template was performed four times with short intervals. The DBD plasma treated sample is denoted as DBD-SBA-15 in this paper. X-ray diffraction (XRD) patterns were recorded on a Bruker D4 x-ray diffractometer using Cu Kα radiation (40 kV, 40 mA). Typically, the data was collected from 0.5°t o 5°(2θ) with a resolution of 0.02°. Fourier transformation infrared (FT-IR) spectra were collected on a Bruker TEN-SOR 27 FT-IR spectrometer, using the KBr wafer technique. Nitrogen sorption isotherms were measured at −196°C with a Beijing JWGB JW-BK132F analyzer. Before the measurements, the made sample was degassed in a vacuum at 150°C for 6 h. The data was analyzed by the BJH method using the Halsey equation for multilayer thickness. The pore size distribution curve came from the analysis of the adsorption branch of the isotherm. The total pore volumes were estimated from the adsorbed amount at a relative pressure P/P 0 of 0.99. Transmission electron microscopy (TEM) images were recorded on a FEI Tecnai G20 microscope operated at 200 kV. 29 Si solid state NMR spectra were collected on Bruker-600. High-resolution 29 Si MAS NMR spectra were recorded on a Bruker AVANCE III-600 spectrometer operating at a 29 Si resonance frequency of 119.2 MHz under conditions of H/F-X probe and 4 mm ZrO 2 rotors, employing a 120 s repetition delay between each scan. The 29 Si MAS spectra are referenced to tetramethylsilane, Si(CH 3 ) 4 . Thermogravimetric (TG) was performed on a SDT Q600 apparatus with a heating rate of 12 K·min −1 in air (25 ml·min −1 ).
Results and discussion
Figure 2(a) shows the FT-IR spectra of as-prepared SBA-15 samples. Infrared absorption bands at around 2850-3000 cm −1 and 1350−1500 cm −1 can be assigned to C-H stretching and bending vibrations of the template P123, respectively. These absorptions are vanished for C-SBA-15 and DBD-SBA-15. This demonstrates that both the calcination and DBD plasma methods can remove the template completely. In consideration of time consumption, the DBD plasma method is much more efficient than the calcination method. More specifically, the absorption band located at around 910 cm −1 is the typical Si-OH bending band and the intensity of this band is directly related to the amount of silanol groups. It is quite obvious that the intensity of Si-OH bending band decreased dramatically from calcined SBA-15. This is in agreement with the general believing that the density of the silanol groups is inevitably reduced due to dehydroxylation at high temperature during calcination process. On the contrary, the relative intensity of the Si-OH bending band of SBA-15-DBD is nearly the same as the assynthesized samples. This further indicates that the DBD plasma method leads to the retention of a high level of silanol groups on the pore wall surface even after the organic template is removed. Similar results were obtained from GDP treated SBA-15 samples [22] .
Retaining silanol groups on the DBD treated samples can be further demonstrated from the 29 Si solid sate NMR spectra ( figure 3 ). There are two well-resolved peaks at chemical shifts of −100 and −110 ppm, which can be assigned to the Q 3 [Si(OSi) 3 (OH)] and Q 4 [Si(OSi) 4 ], respectively. It is quite obvious that the Si-OH bending band vanished from calcined SBA-15. In contrast, the relative intensity of Si-OH bending band of DBD-SBA-15 is nearly the same as the as-synthesized samples. The ratios of Q 3 /Q 4 for the as-synthesized, calcined and DBD treated samples are 62.30%, 0% and 47.94%, respectively, indicating that Si-OH groups were abundantly preserved in the DBD treated sample than in the calcined sample, in agreement with FT-IR results.
The SBA-15 particles prepared in our work exhibited typical rod-like morphologies with a length of 1 μm and a diameter of 500 nm. TEM results of C-SBA-15 and DBD-SBA-15 show well-ordered hexagonal arrays of mesopores in large domains and wheat-like morphology (figure 4), suggesting that both methods do not lead to the collapse of the frame work of the as-made SBA-15 samples [11] . Smallangle XRD patterns (figure 5) further prove the TEM results and show (100), (110) and (200) reflections in the small-angle region, which attributed to highly ordered 2D hexagonal meso-structures. Obviously, the XRD pattern of C-SBA-15 shifted to small angles indicating less shrinkage of the silica framework. Additionally, the d 100 values are 11.7, 11.1 and 11.4 nm for as-prepared SBA-15, C-SBA-15 and DBD-SBA-15, respectively. The unit-cell size of C-SBA-15 is higher than that of C-SBA-15. These results consistently prove that the framework shrinkage of the DBD plasma treated sample is less than that of the calcined sample due to low temperature.
The N 2 adsorption/desorption isotherms of the DBD-SBA-15 and C-SBA-15 samples are both of type IV characteristic, which is a characteristic of mesoporous material with channel pores (figure 6). Whereas, a steeper rise took place for DBD-SBA-15 in the adsorption branch at a higher relative pressure than that of C-SBA-15, suggesting that the DBD plasma treated sample has a larger primary pore size. The BET surface area, total volume and pore size for C-SBA-15 and DBD-SBA-15 are listed in table 1. Although both samples have the same wall thickness, it is obvious that the DBD plasma treated sample has higher surface areas, larger pore volumes, and larger pore size due to the lower structural shrinkage than samples prepared by the conventional methods of high temperature calcination. Figure 7 shows the thermo gravimetric (TG) analysis results of all samples in the temperature range from 150°C to 800°C. It should be noted that the weight losses below 200°C, assigned mainly to the physically adsorbed and chemically adsorbed water, were nearly the same for C-SBA-15 and DBD-SBA-15. The weight loss about 200°C would be attributed mainly to the dehydroxylation by condensation of silanol groups [23] . The weight losses corresponding to the as-synthesized, plasma treated and calcinations treated SBA-15 were 39.3%, 8.3% and 5.5%, respectively. Therefore, the DBD plasma method can efficiently remove the template at a relatively low temperature, which will abundantly preserve the Si-OH groups and avoid the shrinkage of the frame structure of SBA-15. Further studies on the impact of particle size on the performance of the DBD treatment are currently underway in our laboratory.
Conclusions
In summary, the DBD plasma has been successfully applied for removing the template of mesoporous SBA-15 with several advantages over other existing methods: (1) faster and more efficient removal of the template in a few minutes, (2) much lower structure shrinkage due to the low temperature, and (3) better structural quality with higher total pore volumes, larger surface areas, and richer surface silanol groups, which provide large amounts of active sites for post functionalization and ion adsorption. Additionally, the DBD plasma method will provide a facility and efficient route to eliminate an organic template of SBA-15 in a large scale with consideration of presented industrial applications of the DBD plasma technique. 
